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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS - 

RESWCH MEMORANDUM 

INVESTIGATION OF EFFECT OF RFDUCTION OF VALVE FRICTION 

I N  A POW CONTROL )SYSTEM BY USE OF A VIBRATOR 

By William H. Phi l l ips  

SUMMARY 

Brief ground tests were made t o  determine  the  effect of reduction 
of   valve  f r ic t ion  in  a power control system  of a fighter airplane by use 
of a vibrator.  The airplane  response  to   s tabi l izer   def lect ion w a s  simu- 
la ted by the movement of a spring-mass-dashpot  system, the  motion  of 
which w a s  made v i s i b l e   t o   t h e   p i l o t  by  means of a spot of l ight   projected 
on a screen .   In   the   t es t s   the   p i lo t   a t tempted   to  move the   l igh t   spot  
rapidly and accurately from one horizontal   l ine   to   another   horizontal  
l i n e  marked on the  screen. 

The response  characterist ics  of  the  original system were considered 
re la t ive ly  good, though some var iat ions  in   behavior   in   different  runs 
were recorded  that were at t r ibuted  to   var ia t ions  in   valve  f r ic t ion.   In  
order to   ob ta in  a consistently  adverse  condition  to  determine  the  effects 
of the  vibrator ,   f r ic t ion w a s  added to   the  control   valve.  A vibrator ,  
consisting of a pa i r  of contra-rotating  eccentric  weights, was then 
attached t o  the  valve push rod and t e s t s  were made with  the  vibrator 
running a t  various  speeds. 

The resu l t s   ind ica te   tha t   the   v ibra tor  w a s  an effect ive means of 
overcoming the  adverse  effects of valve  f r ic t ion on the  control  character-  
i s t i c s .  The use of a vibrator may allow  relaxation of required  tolerances 
i n  manufacture of valves. 

INTRODUCTION 

Flight tests of airplanes  with  hydraulic power control systems  have 
shown t h a t   f r i c t i o n  i n  the  control  valve  causes  extremely  undesirable 
e f fec ts  on the  handling  quali t ies (ref. 1). Attempts have been made t o  
es tab l i sh  a c r i t e r ion  for the  maximum allowable  value  of  valve  friction, 
but  these  attempts have not  yielded  conclusive  results.   In  general ,  any 
amount of valve  f r ic t ion,  no matter how small, appears t o  have more or 
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less   adverse  effects .   Ser ious  effor ts  have  beeh made by designers of 
power control  systems  to  reduce  valve  friction by ingenious  arrangements 
of seals and very  precise machining. In s p i t e  o f .  these ef for t s ,  however, 
reduction of f r i c t i o n  of the  control   valve  to   = 'acceptable   value while 
s t i l l  maintaining a high.pressure  hydraulic sysrtem free of leakage has 
proved  extremely d i f f i c u l t .  . .  

. .  . . .  
In   the   applZcathn  o f  hydraulic servomechanf-. €0 the control  of 

I .  

gun turrets, a' vibrator .   has  sometimes be& employ%. e o ,  .reduce  the  adverse 
e f f ec t s  of f r ic t iork   in   the   cont ro l   va lve .  . So. far-:as;. is Imown, however, 
such a device ' h a s .  .not been- employed--.+i;  power c.ontr6l .systems used i n  air- 
planes. , For th i s  reason, a br ie f  ground invest%gat$on was m e  to   de t e r -  
mine what iqpr,ov&ents,,  might, re$ult. from t h e ,  use , j ;~ f  a vibrator  on the 
power control.  syst'&. .in' 'airp1arie.- . . 

. .  . - '. ,. . . .  , # .  . . . . .  
. . . .  c -  . .  . . . .  . ,  .:., 

" . . .  . .  .~ ,', , . . 
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' . METHQDS OF 'RIDEDTG. CONTROL V A L ~ ~  FRICTION 
I -  

. -  . . .  7 < - .  . .: . . . . . .  . .  , ).. , .  
. . .  

. . . . . .  t .  ' . . .  , . A ,  . ' :  

type of coa t ro l  calve us& . i n  q : . p o W e s   l c ~ n t i o l  systems f o r  air- 
planes  consists of a cylindrical   spool which incorporates  the  necessary 
lands and operates .   in   a   s leeve.  In earlier,   designs  the  spool was equipped 
with rubber "0" r ing ' s ea l s .  These rubber  '!O"-ring  seals,  though  effec- 

. : ;- t ive  in  'preventing  leakage; proved ob jec-kionable. from the standpoint. of 
f r ic t ion.   Usual ly   the  : force  required  a t  the valve spool t o  move the  

, ' ' valve was of the  order of several  pourids . and the   Er ic t ion  had the   fur ther  
object ionable   character is t ic  of r e q u i a : . i n g . ~ e a t ~ r f f o r c e  t o  start the 
motion  than t o  continue it. Some iatir designs of power control systems 
have avoided the  rubber "0" rings arid have eG1oyed  .an accurately  lapped 

. . spool t o  reduce  leakage as much as possible. Such leakage 'as  s t i l l  occurs 
. may be co l lec ted   in  a labyrinth and returned  ta ' the  reservoir  through  the 

re turn   l ine .  While valves of t h i s  ty-pe  may have  very low f r i c t i o n  under 
ideal  con.dit ions,   tests '  have shown tha t '   s t i ck ing  miy occur  because of 
.various,  factors.. AS shown in  reference:2,   hydraulic  forces on the  valve 
spool may'cause it t o  seek  a  posit ion  in which it rubs  against one s ide 
of the  cylinder.  I n  this  condition,  st-icking of the  highly  polished 
spool  surface to   t he   va lve  may occur. This tendency fo r   t he   va lve   t o  
stick,may be further  aggravated by the  presence of d i r t  in  the  hydraulic 
f lu id   ( re f .  3).  Further  refinement  in  the  design of the  valve  spool 
such a s  the machining of a very slight taper on the  lands or the  use  of 
grooves to  equalize  the  pressure around the  spool may be employed i n  an 
effor t   to   offset   the   s t icking  tendencies .  While these methods are  possi-  
bly  effect ive,   they  increase  the  diff icul ty  of manufacture and the  valve 
s t i l l  may  show e r ra t i c   va r i a t ions  of f r i c t ion   i n   s e rv i ce .  

The use of a  vibrator  consisting,  for example,  of a small eccentric 
weight  driven by an e l e c t r i c  motor  might be  used t o  keep the  valve  spool 
i n  continuous  motion so that no problem of s t a t i c   f r i c t i o n  would exis t .  
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Vibrators of th i s   type  have frequently  been used i n  instrument  appli- 
cations and also, as noted  previously,  in  hydraulic  control  systems. 
For example, t he  advantages  of a v ibra tor   in   increas ing   the   s ta t ic  accu- 
racy of a gun turret hydraulic  control system are described i n  refer- 
ence 4. I n   t h i s  case,  the  vibration  (described as "dither") was applied 
to   t he   p i lo t   va lve  of a two-stage servomechanism. The repor t   s ta tes  
"the  addition of d i ther  . . . t o   t h e   o i l  gear i s  responsible  for a tre- 
mendous increase  in  the  static  accuracy . . . . Dither  reduces  the  force 
required  to   dr ive  the  pi lot   valve by approximately  ten  times and  undoubt- 
ed ly   reduces   f r ic t ion   in   the   d i f fe ren t ia l  synchro  bearings. 

"The use of dither  allows standard running f i t s  t o  be  used fo r  a l l  
pins and levers   in   the  s t roke  control  and also  permits  the  use of a 
0.006 in. nominal overlap  in  the  pilot  valve  with  corresponding  toler- 
ances on the  pilot  land  widths,  spacing between lands,  sleeve  port 
diameters, and sleeve  port  spacing." 

The use of a v ib ra to r   t o  reduce  valve  friction  in an airplane con- 
t r o l  system i s  also  suggested in   reference 5 ,  though no data are pre- 
sented t o  show i ts  ef fec t .  

Another method t o  remove t h e   s t a t i c   f r i c t i o n  of the  valve would be 
to  continually  rotate  the  valve  spool  while  the  system i s  in  operation 
(ref.  6) .  The use  of a vibrator was most convenient for   the  invest igat ion 
described  herein. 

AF'PARATUS AND TESTS 

Ground t e s t s  were made on the  power control system which operates 
the  longitudinal  control (all-moving s t ab i l i ze r )  of a fighter  airplane.  
For these   t es t s   the   s tab i l izer  w a s  l inked   to  a spring-mass-dashpot  system 
i n   t h e  manner described in   re fe rence  1 and shown in   f i gu re  1. The motion 
of t h i s  system was made v i s i b l e   t o   t h e   p i l o t  by means of a spot  of  l ight 
projected on a screen  beside  the  cockpit  such  that  the  motion of t h i s  
l ight   spot   in   response  to   longi tudinal   control   def lect ion approximated 
the  normal acceleration  response of the  a i rplane.   In   the tests t h e   p i l o t  
attempted to   r ap id ly  and accurately move the   l igh t   spot  from  one horizon- 
t a l  l ine  to  another  higher  horizontal   l ine marked on the  screen. The 
tests described in   reference 1 have shown tha t   d i f f icu l ty   in   accura te ly  
moving the   spot   o f   l igh t   in   th i s  manner i s  ind ica t ive   tha t   d i f f icu l ty  
w i l l  be  encountered in   f l fgh t ,   pa r t i cu la r ly   i n   p rec i s ion  flight tasks  
such as tracking  or  formation  flying. 

A diagram showing the  essent ia l   par ts   of   the  power control system' 
i s  shown in   f i gu re  2. The valve  of  the  system  tested had a s ingle  "0" r ing  

i seal a t  each end of the  valve  push  rod. These seals  were not   subjected  to  
\ 1 

I 
I 

i 
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fu l l  system  pressure, however. A chamber vented t o   t h e   r e t u r n   l i n e  w a s  
located  inside  each  seal   to  collect   leakage  f low  past   the  lapped  valve.  
rod. The "0" rings  therefore  acted  mainly as wipers t o  prevent  residual 
leakage and t o  exclude d i r t .  The small p is ton   , a t tached   d i rec t ly   to   the  
valve was provided t o  add damping to   t he   va lve  motion for  prevention of 
.chatter.  The r a t i o  between def lect ion of t he   s t i ck   g r ip  and def lect ion 
of the  valve,  stabilizer  f.ixed, was 4.6:l. The r a t i o  between deflec- 
t i o n  of t he   s t i ck   g r ip  and stabil izer  angle,   valve  f ixed, was 0.84 inch 
per  degree. For the   v ibra tor   t es t s ,  a vibrator  consisting of a pa i r  of 
contra-rotating  eccentric  weights  driven  through a f lexible   cable  by a 
variable speed motor was a t tached  direct ly   to   the  valve push  rod. The 
mass unbalance of the   v ibra tor  was 0.208 inch-pound. The method of 
mounting the   v ibra tor  is indica ted   in  figure 2. For some tests   addi t ional '  
va lve   f r ic t ion  was introduced by means of a f la t  spring  bearing on the 
s ide of the  valve push  rod.  During the  tests,   instrument  records were 
obtained of t he   s t ab i l i ze r   pos i t i on  and the   pos i t ion  of the  mass-spring 
system which simulated  the  airplane  response. 

The investigation was conducted by having  several   pilots  record a 
ser ies  of simulated  pull-ups to   var ious values of normal acceleration 
and with various  conditions of valve f r i c t i o n  and vibrator  speed. A l l  
t he   p i lo t s  were experienced i n   f l y i n g  high-speed f ighter   a i rplanes and 
had previously  conducted  research on  power control systems. 

RESULTS AND DISCUSSION 

The r e s u l t s  of the  investigation  are  based on the  records of  simu- 
lated  pull-ups and on the  pilots  opinions of the  precis ion of control.  
In  general,  differences  noted between the  conditions  tested were qui te  
no t iceable   to   the   p i lo t s ,  and their   opinions were i n  good agreement with 
the  conclusions drawn from the  recorded  time  histories. Some differences 
were observed, of course,  between  various  runs made with a given  control 
configuration,  but  the runs shown in   the   repor t  were selected  as   typical  
of the  results  obtained  in  each  condition. 

The results of the   invest igat ion  are  shown.as  time h i s to r i e s  of 
simulated  abrupt  pull-ups  in  figures 3 and 4. Time h i s to r i e s  of pul l -  
ups with. the  or iginal   a i rplane system a re  shown in   f i gu re  3 .  The charac- 
t e r i s t i c s  of the power control system in   the   o r ig ina l   a i rp lane   var ied   in  
an  unexplained manner from time t o  time  during  the  course of t he   t e s t s ,  
which extended  over a period of four days. When the system w a s  operating 
a t  i t s  best, very l i t t l e   e f f e c t  of valve   f r ic t ion  was apparent as shown 
by t h e   a b i l i t y   t o  make a very smooth and rapid  pull-up  such as is  shown 
in  f igure 3 (a ) .  A t  other  times, however, an appreciable amount of valve 
f r i c t i o n  was apparent which in t e r f e red   w i th   t he   p i lo t ' s   ab i l i t y   t o  make 
the  desired  control  motions. A record  taken i n   t h i s  Condition i s  shown 

I 
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i n   f i g u r e  3 (b) . For the  conditions of  speed and alt i tude  simulated  in 
these tests the   s t i ck  motion  per g of t he   t e s t   a i rp l ane  was r e l a t ive ly  
large.  This  large  stick  motion w a s  obtained by the  use of a linkage- 
r a t i o  changer i n   t h e   c o n t r o l   s y s t q  which i n  normal airplane  ooeration 
doubles  the  stick  motion  for a given  s tabi l izer   def lect ion when the  
landing  gear i s  raised. I n  addition,  the  airplane  possessed a re la t ive ly  
large  mount of s ta t ic   longi tudina l   s tab i l i ty .  The la rge   s t ick  motion 
required  in  maneuvers a l leviated  the  adverse  effects   of   valve  f r ic t ion 
and prevented any unstable  response of the combination of p i l o t  and simu- 
lated  airplane.  Furthermore,  throughout the tests, the  control  system 
was equipped with a feel   device  consisting of a centering  spring and 
viscous damper, which had been  developed  previously by the  manufacturer 
t o  improve, as much as possible ,   the   control labi l i ty  of the  a i rplane 
during  precise maneuvers. 

In  general, it w a s  f e l t  that   the   character is t ics  of the power con- 
t r o l  system tested were re la t ive ly  good. Nevertheless, in   cases  where 
f r i c t i o n  was present   in   the  valve,   the   pi lots   fe l t  that d i f f i cu l ty  would 
be  experienced in   accurately  t racking a target .   In   order   to   obtain a 
consistently  adverse  condition  to  determine  the  effects of the  vibrator ,  
f r i c t i o n  w a s  added to   the  control   valve by  means of a f l a t  spring  bearing 
on the  valve push  rod and the  resul ts   obtained  in   this   condi t ion  are  
shown in   f i gu re  4(a) .  Typical  results  obtained  with  this added f r i c t i o n  
in  conjunction  with  the  vibrator  are shown in   f i gu re  4. Though the magni- 
tude of t he   f r i c t ion  added was not measured, i t s  value may be  inferred 
t o  be  about 5 pounds from the  value of vibrator speed which w a s  required 
t o  produce  appreciable  response  of  the  control  valve. The records shown 
in   f igure  4 (b)  correspond t o  a vibrator speed  of 500 rpm or an al ternat ing 
force on the  valve of k1.4 pounds. No vibrat ion  could  be  fe l t   in   the 
control system; nevertheless, some improvement in   the   charac te r i s t ics  of 
the  response w a s  observed as compared to   the   case  of figure  &(a).   This 
improvement i s  shown mainly by the  shorter  t ime  required  to  reach  the 
desired  steady  value of the  response. A t  a vibrator speed  of 1,000 rpm 
(f ig .   4(c))   corresponding  to  an alternating  force of k5.6 pounds on the 
valve push  rod, a very  sl ight  vibration w a s  apparent a t  the  control   s t ick.  
This condition was considered t o  be optimum  by the   p i lo t s .  With a vibra- 
t o r  speed  of 1,500 rpm (fig.  4 (d) ) , corresponding t o  an  alternating  force 
o f  tl2.7 pounds, noticeable  vibration was transmitted to   t he   con t ro l  
stick.  This  vibration  appeared  to remove not  only  valve  friction  but 
also  control  fr iction  throughout  the  control system  linkage. The p i l o t s  
f e l t   t h a t   t h e  system now behaved as a very  f r ic t ionless   control  system, 
a condition which has  been shown previously  to  be more undesirable  than 
the  one with a small amount of s t a t i c   f r i c t i o n  on the   cont ro l   s t ick  
(ref. 1). In  this  condition,  considerable  attention was required  to  
prevent making inadvertent small s t i c k  movement. This r e su l t  i s  shown 
by the  irregular character of  the  response  in figure 4 (a). This and other 
runs  obtained in   th i s   condi t ion  showed, i n  general ,   that   the  irregular- 
i t i e s  had  a shorter  period  than i n  the  cases  without  the  vibrator. 
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The charac te r i s t ics  of the  control system  with  the  vibrator but 
without added f r i c t i o n  were investigated  but  records were not  obtained 
because  of  instrument  failure. The p i l o t s  comments indicated, however, 
t h a t  when the  vibrator  was operat ing  the  character is t ics  were the  same 
whether o r  no t   f r i c t ion  was added to   the  valve.   This   resul t   appears  t o  
indicate that the   cont ro l   charac te r i s t ics  would be  re la t ively  insensi t ive 
t o  changes i n  va lve   f r ic t ion  i f  a vibrator  were used. 

CONCLUDING REMARKS 

The use  of a vibrator  on the  control  valve  of a power control  system 
has  been shown t o  be an e f fec t ive  means of  overcoming the  adverse  effects  
of va lve   f r ic t ion  on the  control   character is t ics .   In   addi t ion,   the   vibra-  
t o r  appears t o  make the  system insensi t ive  to   reasonable   var ia t ions i n  
control  valve  friction.  Since  the  action of the   v ibra tor  i s  t o  keep the 
valve  in  continual motion in   order   to   e l iminate   the  effects  of s t a t i c  
f r ic t ion,   o ther  means of accomplishing t h i s  result such as   the  use of 
a continually  rotating  valve would very  l ikely have s imilar   effect .  While 
valves of suf f ic ien t ly  low f r i c t i o n  may, perhaps,  be  obtained by su i tab le  
design and the  maintenance of sufficiently  high  standards of precis ion 
i n  manufacture and assembly, the  use  of a vibrator  such as tha t   t e s t ed  
would, perhaps,  allow  relaxing  the  required  tolerances and thereby make 
the  valves   easier   to  manufacture. Failure of a vibrator of the  type 
tes ted  would not   resu l t  i n  serious  adverse  effects on the   con t ro l l ab i l i t y  
i n  normal fl ight,   but would merely  cause  the  airplane t o   r e v e r t   t o  a con- 
d i t i on   s imi l a r   t o   t ha t  normally  present  in many exis t ing high-speed 
f ighter   a i rplanes.  On the  other hand, provision of the  vibrator  might 
considerably improve the  precis ion of f l igh t   dur ing   tac t ica l  maneuvers 
such as tracking. 

Langley  Aeronautical  Laboratory, 
National  Advisory Committee for  Aeronautics, 

Langley Field, Va. , April 28, 1953. 
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Figure 1.- Photograph of airplane  with equipment fo r  t e s t s  of power 

control system. 
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Figure 2.- Diagram of power control unit showing  method of attaching 
vibrator. 
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(a) System operating  without  apparent  valve  friction. 
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Time, sec 

(b) System operating  with  appreciable  valve  friction. 

Figure 3 . -  Time h is tory  of simulated  pull-up maneuver with  or iginal  
control system. 
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(a) Vibrator  speed, 0 rpm. 

(b) Vibrator  speed, 500 rpm; vibrator   force,  t1.4 pounds. 

(c)  Vibrator  speed, 1,000 rpm; vibrator  force,  25.6 pounds. 

0 1 2 3 4 5 6 7 8 9 1 0 1 1  

Tim, Y S  

(d)  Vibrator  speed, 1,500 rpm; vibrator  force,  fl2.7 pounds. 

Figure 4.- Time h i s tor ies  of simulated pull-up maneuvers with added 
f r i c t i o n  and various  vibrator  speeds. 

NACA - Langley Field, Vd. 
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